anoxia; blood gases; blood pH; hyperventilation; lactic acidosis; pericardial fluid of turtles; peritoneal fluid of turtles; Pseudemys scripta elegans; recovery from diving; respiratory acidosis WHEN AN ANIMAL'S NORMAL GAS EXCHANGE is interrupted, changes in gas tensions and a cid-base status occur in its body fluids. In diving animals these changes are slowed and restricted by characteristic responses which adapt these animals to prolonged apnea. These responses include a reduction in overall metabolism (1, 10, 15, 19 ) and a selective distribution of arterial blood which favors the heart and brain (7, 19) . E ven in diving animals, however, internal homeostasis is disturbed so that the adaptation to diving must include a tolerance to these internal changes and the ability to rapidly restore the normal condition following the dive. Since most diving vertebrates depend on a continuous supply of oxygen to the vital central organs, the duration of diving and thus the severity of the internal disturbances are limited by the availability of oxygen (3). Freshwater turtles, in contrast, can survive without oxygen for long periods because all their vital functions can be supported for a time by anaerobic metabolism (5, 14) . While this metabolic capacity greatly extends the length of time turtles can remain apneic, it also tends to exaggerate the disturbances to the internal environment. For example, Robin et al. (18) kept turtles of the genus Pseudemys submerged at 17'C for as long as 5 days and recorded venous PCO~ values over 150 torr, pH values as low as 6.6, and lactic acid concentrations up to 55 mM. In these animals venous Paz values were at a minimum by the end of 5 h of submergence.
Recovery from diving has not been studied in turtles, although metabolic rate, as assessed by direct calorimetry, was close to normal 30 min after 4-h dives at 24°C in the turtle Pseudemys scrz$ta eZegans (10). In the seals studied by Scholander (19) , the recovery process included an initial hyperventilation which rapidly replenished oxygen depots and a slightly delayed elimination of accumulated lactic acid and restoration of bicarbonate. Recent studies on respiratory control in the turtle Pseudemys scripta elegans demonstrate that this animal is quite sensitive to increased CO2 (unpublished data) or decreased 02 (13) in the inspired air, and since hypercapnia and hypoxia are prominent features at the conclusion of a dive, considerable hyperventilation could be predicted on this basis when breathing resumed. The object of the present study was to describe various aspects of the recovery pattern from a standardized experimental dive in the turtle Pseudemys scripta elegans. As will be seen, the ventilatory response was marked and quite effective, restoring blood pH to normal, whereas the correction in the disturbances to blood lactic acid and bicarbonate concentration was a much slower process.
METHODS
Animals. Male turtles Pseudemys scripta eZegans weighing 150-750 g were studied. All experiments were conducted at 24"C, and the turtles were kept at that temperature for at least 1 day prior to study.
Ventilation and metabolic rate. Pulmonary ventilation was measured using the buoyancy principle (12). In brief, the turtle was suspended in to a temperature-con trolled water bath from a calibrated strain gauge. Although submerged and restrained from swimming movements, the turtle could freely elevate its head above the water surface into a ventilated chamber and breathe. When it did so, its underwater weight or buoyancy changed in proportion to the volume of air respired, and this change in weight was sensed by the strain gauge and recorded on a polygraph as a tidal breath. Respiratory minute volume was averaged over intervals of 5-20 min (expressed as ml (BTPS)/kg . min).
Oxygen consumption was measured by a conventional open-circuit method. The breathing chamber was ventilated at a monitored rate from a compressed air cylinder. After 904 D. C. JACKSON AND H. SILVERBLATT passing through the chamber, the gas was dried and directed through a paramagnetic oxygen analyzer (Beckman model F-3), which provided a continuous recording of the oxygen content of the gas. Flow rate was adjusted according to the animals' oxygen uptake. Oxygen consumption was averaged for time intervals from 5 to 70 min (expressed as ml (STPD)/ kg l min). No correction was made for possible differences in the volumes of inspired and expired air.
Blood sampling and analysis. In most experiments blood was sampled from a chronically placed catheter (PE-90) in the subclavian artery. The catheterization was carried out on turtles lying supine in a tray of ice following equilibration overnight at 5OC. The artery was exposed through a hole trephined in the plastron, and the catheter, after insertion in the artery, was led out through the skin at the base of the neck. The original disc of plastron was cemented back in place and the area was covered with dental acrylic. During the time the shell was open, a rubber finger cot tightly enclosed the head of the turtle to prevent lung collapse. This, of course, prevented the turtle from breathing, but the procedure lasted less than 1 h, which, at the low temperature of the animal, was not a severe apneic stress.
In some experiments (which will be specified) turtles were killed by decapitation and blood was sampled by heart puncture within 5 min. Samples were also taken of pericardial fluid, peritoneal fluid, and urinary bladder urine. The volume of each of these latter three fluids was also estimated.
In the experiments in which pericardial fluid, peritoneal fluid, and urine were collected, a single blood sample was taken from each animal following decapitation.
Four groups of turtles were tested. The first group (6 animals) were control animals and did not dive; the second group (6 animals) were killed at the end of 4-h dives before breathing; the third group (6 animals), 1 h after a 4-h dive; and the fourth group (5 animals), 24 h after a 4-h dive.
RESULTS
Effects of apneic diving. Experimental dives lasting 2-4 h drastically altered blood gas and acid-base parameters ( Table 1 ). The turtles were anoxic and had severe respiratory and metabolic (lactic) acidosis. A surprising feature was the significant fall in total plasma CO* content which occurred.
Within 24 h, however, normal acid-base balance was restored, although lactate concentrations continued to be slightly elevated.
Ventilation and 02 consumjtion. The turtles exhibited a dramatic increase in ventilation following the dive (Fig. 1 ). Respiratory minute volume increased steadily to a peak which averaged about 9 times predive levels, but this peak response was not reached until about 30 min into the re- were conducted on turtles submerged in water at 24°C and consisted of a period of breathing, a forced dive for 2-4 h, followed by a recovery period lasting up to 24 h. This protocol is similar to that employed in our previous investigation in which we did direct calorimetry of this same species of turtle during dives at 24°C lasting 4 h (10). In most of the experiments to be reported, the turtles were catheterized and arterial blood samples were taken prior to the dive, at the end of the dive before the resumption of breathing, and at various intervals following the dive. Blood samples were 0.5-l .O ml in volume, and at most 10 samples were taken on a single animal. In one turtle which weighed 618 g, the hematocrit of the first sample was 26 % and the 10th sample, taken 24 h later, had a value of 24 %. The estimated blood volume of this animal. determined by Hutton (9).
covery period ( Table  2 ). The ventilation decreased exponentially, usually reaching the predive values some 3 h after breathing resumed. The increase in ventilation was due both to increased tidal volume and increased breathing frequency.
The pattern of change of these parameters differed, however. In the first few minutes of recovery the breaths were very deep and irregular, whereas in the following 30-40 min the breaths were less deep but at high frequency and more regular. Thus, the peak response in tidal volume was reached almost immediately, whereas the peak response in frequency was delayed and approximately coincided in time with the peak response in minute volume.
Oxygen uptake reached very high values when breathing was restored and then declined back to the predive level in about 2 h (Fig. 2) .
Blood gas and acid-base parameters. The course of recovery from the dive is revealed by the observed changes in blood pH, woe > pa 02, and plasma [HCOS-] ( Figs. 3-6 ). The blood gases Pao, (Fig. 3) and Pacoz (Fig. 4) further by hyperventilation to an average minimal concentration of 15.9 mM (n = lo), which was also reached at about the time of maximal ventilation (Fig. 5) . The severity of the acidosis was apparently related to the lowest value of plasma [HCOS-].
The one animal which never hyperventilated following the dive and which died several hours later had a [HCOS-] of slightly less than 7 mM. No data from this animal have been included. Recovery was slow and even after 4-5 h the [HCOS-] deficit in eight animals tested averaged 7.6 mM. By this criterion the turtles still had a significant metabolic acidosis at this time. Arterial pH, unlike the other parameters, was restored rapidly to near the normal values (Fig. 6) . By 2 h after resumption of breathing the. pH of 10 animals averaged 7.58. These values were not significantly below the predive pH values (7.60) as judged by the paired t test (P > 0.5). Normal pH was then maintained during the balance of the recorded recovery period. by the decrease in bicarbonate in these animals, and the course of recovery back toward normal was also similar. As the insert in Fig. 7 shows, the changes in these substances were similar, although the increase in lactate tended to exceed the decrease in bicarbonate. This disparity probably reflects the buffering of lactic acid by buffers in the blood other than bicarbonate, presumably by red cell hemoglobin.
The largest difference between lactate increase and bicarbonate decrease was observed in a turtle whose hematocrit was 30 %. The hematocrits of the other turtles were in the range of 15-20 %.
The fate of the lactate ion was not fully assessed by this study, although much of it was presumably dealt with metabolically by conversion back to glycogen or oxidation via the Krebs cycle. A significant amount, however, was excreted by the kidney, as evidenced by the presence of lactate in the urine stored in the urinary bladder of turtles following dives. No lactate was present in the bladder urine of turtles prior to diving. There was also no lactate present in the bladder urine following 4-h dives before the resumption of breathing, although plasma lactate was very high at this time. This suggests a shutdown of renal circulation and urine production in this species during diving. In six animals examined 1 h following a dive, bladder urine lactate was quite variable, but averaged 5.6 meq/liter (range 0.8-17.4 meq,/liter), whereas in four animals, studied 24 h following a dive, mean [lactate] was 8.0 meq/liter (range 3.6-9.9 meq/liter).
Since bladder volumes were quite different in these animals, the absolute amount of lactate also differed widely, but in two of the 24-h group, the amount of lactate in the bladder urine was about half as great as the total estimated lactate in the plasma of turtles shortly after a dive.
Small amounts of lactate were buffered by the highly alkaline pericardial and peritoneal fluids following 4-h dives ( 
[lactate] and [HCOS-] of these fluids casts serious doubt on their importance as major buffer sites following apneic diving.
DISCUSSION
Our data agree in most respects with previous information on diving animals, but there are several important differences which will be considered.
These differences concern the changes in blood pH, [lactate] , and CO2 content during and immediately'after the dive. In previous studies, typified by the classical investigation of the seal by Scholander (19), central arterial acidity and [lactate] rose during diving, but only slightly; the major increases occurred after the resumption of breathing. The interpretation for this sequence is that the skeletal muscles, the principle site of anaerobiosis, were virtually without blood flow during the dive. When breathing resumed, the circulation to the muscles was reestablished, and lactic acid was flushed into the general circulation, lowering the blood pH in the process. With respect to blood CO2 content, Scholander found that an increase occurred during the dive due to the accumulation of metabolic CO2 . After the dive, CO:! content fell sharply due to lactate buffering and hyperventilation. This general pattern of change in the blood acid-base status of diving animals has been observed in the penguin (19), the duck (4, 19), the beaver (8, 19) , and the alligator (2). In several of these studies, blood CO2 content rose initially during diving, but then decreased during the latter part of the dive (2, 4, 8) .
The pattern of change in the turtle was different. Plasma [lactate] reached high concentrations during the dive and rose little, if at all, when breathing was restored (Fig. 7) . The change in arterial pH reflected this change in plasma [lactate] (Fig. 6) . The plasma CO:! content of the turtles, in contrast to other diving animals tested, fell significantly during the dive (Table 1) . After the dive, CO2 content fell further, but this fall was due to hyperventilation and buffering of lactate just as in the previous studies.
Why did the turtles exhibit a pattern of acid-base change different from the other animals? The answer, we believe, is that the turtles were totally anoxic during much of the dive. Consequently, lactic acid was produced by all tissues, not just by the peripheral structures.
In our previous study, turtles, experimentally submerged under similar conditions, exhausted lung and blood oxygen by the end of 1 h (10). A number of other studies, on related species, have conclusively documented the capacity of freshwater turtles to survive total anoxia for extended periods (5, 14, 18) . Furthermore, vital central organs of the turtle, such as the heart (17) and central nervous system (6), continue to function in the absence of oxygen. In the present study, arterial POT was near zero at the end of diving (Table  1) . Unlike the other diving animals, therefore, the turtle had to deal with sharply elevated lactate in the circulating blood prior to the resumption of breathing.
In the extracellular fluid this acid load had to be buffered principally by bicarbonate; however, this is a poor buffer in a closed system, since the carbonic acid (and dissolved COS) cannot be eliminated. We suggest that this titration of the extracellular fluid with lactic acid elevated PCO~ values to such an extent that significant loss of CO2 to the environment ensued. A beneficial consequence was that the effectiveness of bicarbonate as a buffer was enhanced and acidosis was less severe. We performed one simple experiment to test CO2 loss from the turtle during apnea. A turtle weighing 611 g was placed in a sealed, air-filled chamber with a rubber finger cot enclosing its head to prevent breathing.
Over the course of 4 h, the PCO~ of the enclosed air space increased by 10 torr. Based on the volume of the space, this represented an extrapulmonary CO2 loss of over 18 ml, which is of the right order of magnitude to account for the observed fall in plasma CO:! .
Like other diving animals, the turtle hyperventilated following the dive. We believe that the blood gas data are more valid, since accurate assessment of ventilatory state by the second method requires knowledge of alveolar ventilation and CO2 exchange; minute volume and 02 uptake are only approximations.
For example, CO2 storage was occurring during the recovery which could help to account for the apparent discrepancy. At the beginning of the recovery period, oxygen uptake was very high, but it rapidly subsided and returned to the predive level by approximately the end of the 2nd h (Fig. 2) . The excess voz during this portion of the recovery period was calculated for the four experiments in which plasma [lactate] was also measured. The average excess vo, in these experiments was about 43 % of the total oxygen debt which would have accrued had the predive metabolic rates of these animals prevailed throughout the diving period. However, after the vo2 had returned to the predive level, plasma [lactate] still exceeded the normal concentration by an average of 21.4 mM. Thus, a substantial fraction of the lactacid oxygen debt was not yet repaid. The magnitude of the debt remaining was uncertain because we do not know the distribution of lactate in the other major body fluid compartments.
An estimate of the actual oxygen debt can be made from our previous study in which total metabolic rate of turtles was measured under similar circumstances by the method of direct calorimetry (10). In that study, the average heat production of the turtles during diving was about 30 % of the predive level; however, the predive metabolism in the calorimetry study was about twice the value observed in the
